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Influence of substrate temperature on the
structural and optical properties of crystalline
ZnO films obtained by pulsed spray pyrolysis

Oleksandr Dobrozhan,’* Denys Kurbatov,® Anatoliy Opanasyuk,®
Hyeonsik Cheong® and Andreu Cabot*

In this work, we report on the structural and optical properties of ZnO films deposited by pulsed spray pyrolysis at relatively low
temperatures, compatible with a large variety of substrates and processing technologies. Crystalline ZnO films were deposited onto
glass substrates using zinc acetate dihydrate dissolved in distilled water with concentration of 0.2 M. The temperature of the sub-
strate was varied in the range T,=473-673 K with AT=50 K. Effect of T; were investigated by scanning electron microscopy, x-ray
diffraction and energy dispersive x-ray, and optical spectroscopies. Also, the influence of T, on the grain size, phase composition,
texture quality, coherent scattering domain size, crystal lattice parameters, chemical composition, transmission coefficient, and the
bang gap of the ZnO films were studied. X-ray diffraction analysis revealed that films were polycrystalline with hexagonal phase
and showed as preferential orientation (101) at T, < 573 K and (100) and (002) at T, > 573 K. Scanning electron microscopy (SEM)
measurements showed that the substrate temperature has a strong effect on morphology of the films. Energy dispersive analysis
revealed that ZnO films consisted of the non-stoichiometric compounds. Optical measurements showed ZnO films to be highly
transparent in the visible region, and optical band gap is shifting from 3.18 eV to 3.30 eV. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Zinc oxide (ZnO) is a direct band gap n-type semiconductor
(Eg=3.37eV at T=300K) with the highest exciton binding energy
(60eV) among binary compounds.”"? Due to its unique physical,
electrical and optical properties, and its nontoxicity, chemical and
thermal stability in ambient atmosphere, ZnO is a promising candi-
date for use in micro-electronics and nanoelectronics,”
optoelectronics, sensors™®, and photovoltaic devices,”® among
others. As ZnO does not contain rare elements in its structure and
can be obtained with inexpensive methods, when strongly doped,
it is also an alternative to traditional transparent conductive mate-
rials such as ITO ((IN,03)o.6 - (SNO5)o1) and FTO (SnO,:F)) for use in
thin films solar cells.” Besides, ZnO can also be used as an antire-
flection or a window layer in solar cells.!"”

A wide range of methods including magnetron sputtering,
chemical vapor deposition,'? thermal evaporation,™®! chemical
bath deposition,™ spray pyrolysis,”">'® hydrothermal growth,'”'®

and electrodeposition!'®3! is used to prepare ZnO thin films.
Among them, spray pyrolysis is a particularly simple, versatile,
low-cost, and highly scalable method to deposit solid, porous,
and nanostructured films on potentially large area substrates made
of different materials. The properties of the thin films prepared by
this method depend on the choice of precursors and on the
physical and technical conditions of their deposition. One particu-
larly important parameter, both for its influence on the film proper-
ties but also because of the limitations it imposes on the substrate
material, is the deposition temperature.**?* The substrate temper-
ature needs to be minimized to prevent alloying and compositional
grading between the ZnO and material at the surface of the

[11]

substrate. Low deposition temperatures are also necessary to make
the process compatible with polymeric substrates. A third obvious
advantage of a low deposition temperature is a reduction of the
processing costs. However, low substrate temperatures normally re-
sult in poor quality films.

Very recently, M. Ortel et al. have reported the use of a pulsed
spray pyrolysis technique to prepare high performance ZnO thin
films.?®! They experimentally demonstrated that films with similar
performance can be obtained at a significantly lower deposition
temperature by means of a pulsed deposition. This reduction of
the growth temperature at equal performing layers was associated
with a more effective outward transport of by-products and inward
diffusion of oxygen in the pulsed mode. While in their excellent pa-
per, M. Ortel et al. detailed the influence of the substrate tempera-
ture on the charge transport properties of the films; a description of
the structural properties of the ZnO films deposited by pulsed spray
deposition as a function of the substrate temperature is still
missing.
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In this paper, we investigate the influence of the substrate tem-
perature on the structural, substructural, and optical properties of
zinc oxide films deposited by the pulsed spray pyrolysis method, fo-
cusing in the low temperature range, 475K < T; < 675 K.

Experimental details

A custom-made laboratory pulsed spray deposition setup, which
schematic diagram is shown in Fig. 1, was used to obtain ZnO
films.>”? Briefly, it consists of a heated support for the sample sub-
strate, a thermocouple for registering the values of the substrate
temperature, a spray gun, comprising a reservoir for the initial solu-
tion, an on/off valve and a sprayer nozzle to atomize the solution,
and a compressor that provides the air flow at sufficient pressure
to transport dispersed precursor particles to the heated substrate.

To produce ZnO films, a solution of zinc acetate dihydrate
Zn(CH5COO0), - 2H,0 and distilled water with a concentration of
02M was used as a precursor. In order to increase the
Zn(CH3CO0), - 2H,0 solubility, a few drops of HCl were added to
the initial solution. The obtained solution was sprayed onto glass
substrates with 25 x 25 x 1 mm size, which had been cleaned be-
forehand with ethanol. The temperature of the substrate was varied
in the range T;=473-673 K with AT=50K. The distance between
the spray nozzle and substrate surface was set to 20 cm. Airflow
with pressure of 0.2 MPa was used as the carrier of the dispersed
precursor particles. The rate of film deposition was 2 ml/min, and
the volume of sprayed solution was set to 5ml per sample. For
the formation of films without oversaturation of precursor near
the heated substrate surface and to facilitate by-product and oxy-
gen transport, a pulsed spraying mode was used. Spraying pulse
duration was set to 2s, and the time between pulses was set to
3s. Thirty pulses were used to deposit each layer.

The surface morphology of the ZnO films was characterized by
means of scanning electron microscopy with a Zeiss Auriga micro-
scope (Zeiss, Oberkochen, Germany). The films thicknesses were
measured from the cross-sectional SEM images. The chemical com-
position of the films was determined by energy dispersive analysis
(EDX) using x-rays inside SEM, for which a 20-kV accelerating volt-
age and a 1.5-um penetration depth of electrons into the films were
used. Additional peaks from substrate elements were deducted
from the EDX spectra. The atomic concentrations of the elements
(Czn, Co) were measured at least at three different points of the sam-
ple surface, and the average value was used. Stoichiometry of the
ZnO films was calculated using the correlation y = C%O

X-ray diffraction analysis was used to study the structural proper-
ties of the ZnO layers!*>? A Bruker D8 x-ray diffractometer
(Bruker, Optics Inc., Billerica, MA, USA) with the K, radiation of a
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Figure 1. Schematic diagram of the custom-made laboratory setup for
obtaining ZnO thin films by pulsed spray pyrolysis.

Cu anode (1=0.15406 nm, U=40KkV, and /=40 mA) was used. The
diffraction patterns were normalized by the intensity of the hexag-
onal phase (101) peak. The phase analysis was carried out by com-
paring relative intensities of the samples with those of an etalon.*®

The quality of the film texture was estimated by the Harris
method that is convenient in the investigation of planar samples
with the texture axis oriented normal to its surface.2”) The pole den-
sity was calculated by the expression:

p = illo) (1)

N
> (/1)

i=1

where [; and Iy; are the integrated intensities of i-th diffraction peak
for the sample film and etalon, respectively, and N is the number of
lines in the diffraction pattern.

Then, the dependences P; —(hkl); and P; —p were built, where ¢ is
the angle between the texture axis and perpendicular to different
crystal planes that correspond to reflections on diffraction patterns,
and (hkl) is Miller indices. This angle was calculated for a hexagonal
lattice using expressions given in 2%\, Texture axis has those indices
that correspond to the maximum value of P;. In this case, the orien-
tation factor for the corresponding sample can be found from the

N
expressionf = ﬁz (Pi—1)2.
i=1

The calculation of the hexagonal phase constants a and ¢ was
carried out using the formulas:

_ A 4. 2 a2,
a’zsine\/s(h +hk+k)+<c>l 2
A 4_152 2 2 2
C*—zsine\/_v, (a) (W + hk + k) + 1 @3)

where ¢/a=1.602.

The lattice parameters were determined by the extrapolated
Nelson-Riley method.2%3*" For this matter, the graphs were built
in the coordinates a(c) — 3 cos?0(z1 + 7). The linear approxima-
tion of obtained values was carried out using the least-squares
method with the help of OriginPro software package (OriginLab
Corporation, Northampton, MA, USA). The graphic method of con-
secutive approximations that included iteration procedure was
used to increase the precision of the lattice parameters evaluation.
It should be noted that the ¢/a ratio was taken 1.602 for the first it-
eration. The values of items in Eqn 2, 3 were thus calculated for ev-
ery diffraction line, and those with minimal contribution of the item
with unknown value (a/c and c/a) were selected to further find the
lattice parameters a and c. Then, from the graphs a(c)— 1/
2 cos’A(1/sin() + 1/0), the lattice parameters a and ¢ and their ratio
were determined. The corresponding values of ¢/a (a/c) were used
for a new iteration of Eqn (2) and (3). The iteration procedure was
repeated a few times (up to five) until the obtained values a and
c and ¢/a stopped changing. The described method allows finding
lattice parameters of the material with 0.001% accuracy.

The average coherent scattering domain size (CSD) L was calcu-

lated using Sherrer’s relation:**!

ki
"~ p-cos O

(4)

where k is a coefficient that depends on the grain size (k=0.9), and
p is the physical broadening of corresponding x-ray lines. The
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Figure 2. (a)-(d) SEM images of ZnO films deposited onto glass substrates at temperatures T, K: 473 (a), 573 (b), 623 (c), and 673 (d). The scale bars
correspond to 2 um; (e)—(f) EDX spectra from films obtained at 623 K (e) and 673 K (f); (g) higher magnification SEM images of sample obtained at 573 K.
The scale bar corresponds to 200 nm; and (h) thickness and growth rate as a function of T,.

determination of the size of CSDs in films by the Scherer’s formula
using physical broadening of x-ray lines is used in many
works.®37*! Indeed, the physical broadening of x-ray lines in addi-
tion to the small size of CSD is also due to the presence of
microstrains, that is, crystallographic disorder and defects in the
material. However, as we have shown in several papers,**3 con-
tributions of microstrains (associated with the presence of disloca-
tions in the CSD) to the broadening of x-ray lines are substantially
less than the dispersion of CSD (associated with the presence of dis-
locations at the boundaries of CSD). This particularly is applicable to
the nanocrystalline films that were considered in this work. It has
allowed us to neglect other causes of broadening of x-ray lines
and to use the Scherer's formula.

Optical properties of the films were studied with a spectropho-
tometer PerkinElmer Lambda 950 (PerkinElmer, Waltham, MA,
USA) in the range of wavelength 1 =(350-800) nm at room temper-
ature. The absorption coefficient a(l) was calculated from the
transmission spectra of ZnO film T(%).5% The ZnO optical band
gap E, was found from the absorption spectra using the following
correlation:

ahv = A(hv — E_q)”2 (5)

Table 1. The calculation results of the chemical composition and band
gap of ZnO films deposited at different substrate temperatures

T, K Cyny at% Cor at % y Eg eV
473 41.8 58.2 1.39 3.30
523 423 57.7 1.36 3.27
573 426 574 135 3.24
623 443 55.7 1.26 3.18
673 44.0 56.0 1.27 3.21
el — 337

where « is the absorption coefficient; hv is the photon energy, and
A is a constant that depends on the effective mass of the charge
carriers in the material. Extrapolation of the linear part of graph
(@hv)* — hv on energy axis allowed determining the semiconductor
band gap E,.

Results and discussion

Figure 2 shows representative SEM micrographs of ZnO films de-
posited at different substrate temperatures. Solid films with good
adhesion to substrate and no cracks were formed at temperatures
as low as 473K and above.

Figure 2h shows the dependence of the substrate temperature
on the thickness and growth rate of ZnO films. While the film
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Figure 3. Diffraction patterns of ZnO films obtained at different substrate
temperatures, T, K: 473 (1), 523 (2), 573 (3), 623 (4), and 673 (5). Vertical
lines correspond to Joint Committee on Powder Diffraction Standards data
(card Number 01-089-1397).
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Figure 4. Dependence of the pole density Pi on the angle ¢ between the texture axis and normal to the reflecting plane (a) and substrate temperatures (b),
T, K: 473 (1), 523 (2), 573 (3), 623 (4), and 673 (5). The inset (b) shows the dependence of t(T;).

thickness could be generally controlled by the number of pulses, it
was found that the substrate temperature also had a strong influ-
ence on the growth rate and thus on the thickness of the films ob-
tained at a set growth time. Setting the number of pulses to 30
cycles, thus a total growth time of 150s, the film thicknesses
obtained were in the range from 0.6 to 1.3 um, depending on the
growth temperature.

High resolution SEM analysis of the samples allowed to deter-
mine the grain sizes of the ZnO films to be in the range
20-300 nm (Fig. 2g). The grain size increased with the substrate
temperature. Figures 2e and 2f display representative EDX spectra
from the synthesized ZnO films. The chemical composition ob-
tained for the ZnO layers deposited at different substrate tempera-
tures is summarized in Table 1. All the films had some surplus of
oxygen, which concentration decreased with increasing substrate
temperature from y=1.39 at T;=473K to y=1.26 at T,=623 K. This
oxygen excess is related with the oxygen species adsorbed at the
surface of the ZnO grains. No other impurities were identified in
the samples when using zinc acetate as the Zn precursor. Similar re-
sults were obtained by I. Stambolova et al. and R. Mariappan
et al.[4°’4”

Figure 3 shows the diffraction patterns of ZnO films obtained at
different substrate temperatures. As a reference, the hexagonal
ZnO phase, Joint Committee on Powder Diffraction Standards card
number 01-089-1397, is also plotted. From these diffraction pat-
terns, the hexagonal phase of the ZnO films formed was evidenced,
and no secondary phase could be identified.

As it is seen from Fig. 3, the peak at 20 ~ 36 ° is dominant on the
diffraction patterns of the films obtained at low temperature. This
peak corresponds to the reflection from the (101) plane of the
ZnO hexagonal phase. In the films obtained at T, > 573 K, the peaks

Table 2. The calculation results of the lattice parameters by Nelson—
Riley method of ZnO films deposited at different substrate temperatures
T K 1 iteration 5 iteration

a, nm ¢, nm c/a a,nm ¢, nm c/a
473 032524 052002 1599 032543  0.51957  1.597
523 032496 051880 1.597 032554 051507  1.582
573 0.32461 0.51906 1.599 0.32494 0.51693 1.591
623 0.32483 0.52095 1.604 0.32477 0.52111 1.605
673 0.32524 0.52002 1.599 0.32543 0.51957 1.597
(28] a=0.3253nm, c=0.5213 nm, and ¢/a = 1.602

at 20 ~31.80° and 34.80 ° dominate. These correspond to the reflec-
tions from crystallographic planes (100) and (002), respectively.
The position of the peaks shifts towards lower angles when in-
creasing the substrate temperature from 473K to 523K and then
towards larger angles when increasing the substrate temperature
up to 623 K. The peaks shift again towards lower angles when
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Figure 5. Dependence of coherent scattering domain sizes (L) of ZnO films
on the substrate temperatures.
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Figure 6. Dependence of the lattice parameter a and ratio c/a on the
substrate temperatures (fifth iretation).
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Figure 7. Transmission spectra of ZnO films (a) and the dependence of the band gap (b) on the substrate temperatures, T, K: 473 (1), 523 (2), 573 (3), 623 (4),

and 673 (5).

increasing the deposition temperature from 623K to 673 K. This
complex pattern can be explained by a combination of the compo-
sitional evolution of the material and presence of residual stresses
in the films as previously observed in.*2**! These residual stresses
could be caused by both the lattice mismatch and thermal expan-
sion coefficient difference between film and substrate* The
peaks’ shift towards lower and higher angles means that the lattice
constant ¢ decreases and increases with increasing the substrate
temperature, respectively, which are considered to be related to
the residual stress in the ZnO films.

Calculations of the pole density P; (Fig. 4a) allowed to determine
an axial texture growth in the (100) direction in ZnO layers obtained
at T, < 573 K. This texture changed into a texture in the (002) direc-
tion at T; > 573 K (Fig. 4b). In the inset of Fig. 4b, the dependence of
the orientation factor f(T) of the films on the substrate temperature
is given. The orientation factor increased with T, which confirmed
the improvement of the film texture quality. The decreasing f in
the layers obtained at 623 K was connected with the change of tex-
ture direction from (100) to (002).

The results obtained from calculating the average CSD sizes of
ZnO films in directions perpendicular to the crystallographic planes
(100), (110), and (002) are shown in Fig. 5 as a function of the sub-
strate temperature. The average CSD size for (100) increased from
L~10 to L ~20nm in the three directions. This increase of the
CSD is associated both to an increase of the crystal domain size
and to an improved crystalline quality of the films. When the sub-
strate temperature increases, the size of CSD in the films also in-
creases, and accordingly, it reduces the concentration of
dislocations. Thus, the films deposited at higher temperatures have
larger defect-free crystalline regions, which reduced the structural
imperfections of the material.

The lattice parameter of the material is a property extremely sen-
sitive to changes in its stoichiometry, impurities, oxidation, and
others, which is why the precision measurement of these values
makes it possible to study the relevant processes. With the help
of the iteration procedure described previously, we carried out
x-ray diffraction measurements of the lattice parameters g, ¢, and
the ratio ¢/a of ZnO films. The obtained values of the crystal lattice
parameters of the material after the first and fifth iteration are
shown in Table 2.

Figure 6 shows the dependences of the lattice parameters a and
¢ and their ratio ¢/a on the substrate temperature. The horizontal
lines correspond to the reference values found in the literature for
stoichiometric samples.

As shown in Fig. 6, already at 625 K, the calculated values a and ¢
approached the reference values, which can be associated with a
good stoichiometry and crystallinity of the films. EDX also con-
firmed that the composition of high-temperature condensates
approached the stoichiometric one.

As it is shown in Fig. 7a, the transmittance in the layers was
T=60-80% in the whole wavelength range above 450 nm. It is im-
portant to note that the films with higher thickness showed re-
duced transmittance coefficients. Films obtained at T;=673K had
the highest transmittance values. The inset in Fig. 7b shows (ahv)?
against hv for films that we used to determine the band gap of
the material. The results are presented in Table 1.

The dependence of the obtained values of the band gap E; on
the substrate temperature T is shown in Fig. 7b. As shown, E; of
the material decreased with increased T. This may be associated
to the observed slight change of composition and particularly to
a loss of hydroxyl groups from the ZnO film when increasing the
substrate temperature. A similar trend was observed by Zahedi
et al

The ZnO films deposited at the highest substrate temperatures
tested here, 623-673 K, showed thus the best characteristics to be
used as window layers of thin film solar cells. Such films show a sin-
gle hexagonal phase structure with relatively large grain size, high
crystalline quality, and transparency.

Conclusions

Crystalline ZnO films were obtained by pulsed spray pyrolysis on
glass substrates. The influence of substrate temperature on the
grain size, phase composition, texture quality, CSD size, crystal lat-
tice parameters, chemical composition, transmission coefficient,
and the band gap of the material were studied. EDX analysis re-
vealed the ZnO films had some surplus of oxygen. It was shown
that the films with thicknesses ranging from 0.6 um to 1.3 um had
a crystalline structure with grain size in the range from 20 to
300 nm, increasing with the substrate temperature. Films showed
a single ZnO hexagonal phase. An axial texture in the [100]
direction was identified in the samples grown at T, < 573K and in
the [002] direction at T;> 573 K. It was established that with the
change of substrate temperature, the CSD size of the films in-
creased in the range from 10 nm up to 25 nm. Moreover, the exper-
imental values of the lattice parameters of the material were
calculated, a=0.32477-0.32554nm, ¢=0.51507-0.52111 nm, and
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¢/a=1.582-1.605 and were correlated well with the reference data.
The band gap of the films was found in the range £, =3.18-3.30 V.
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